Acc urate meas ureme nts of th e t herm al co ndu c ti viti e.s of Ar an d He ag ree with th e th eor.e ti cal va lu e of 2.51>7)c,. (7) = viscos it y, c,. =s pec i/l c hea t ca pacit y a t co ns ta nt vo lum e 1> is a nu m~e r s hghtl y gre ate r th a n 1 de pe ndin g u po n th e inte rm olec ul ar pote nti a l). Me as u!·e m e nts of th e the r ma l co nd~c.
Introduction
Th e valu es of th e rm al co ndu ctiviti es be in g reported in thi s paper were obtain ed by the a uth or a t th e Mas· sachu se tts In stitute of T ec hn ology. Th e y we re to ha ve been part of a more exte ns ive se t of meas ure ments, but furth e r work was not co mpleted with this e quip· ment because the a uth or ca me to the Nati onal Bureau of Sta nd ard s. Eve n th ough the number of these res ults is s mall , th e meas ure me nts are thought to be sufficie ntl y acc ura te to be useful in three res pects:
(1) So me meas ure me nts of th e therm al co nduc tiv· iti es of he lium allow th e fac tor / = K/(Yj cv) to be more e xac tl y evalu ated. It had a ppeared to be a no malously low. In this equ a ti on K is the th erm al conductivity, Yj the vi scosit y, and Cv th e s pecifi c heat capacity a t cons tant volum e.
(2) Some me as ure me nts of th e th erm a l conductivities of argon , in co mbinati on with the values for he lium , provide high a nd low valu es for calibration of othe r de vi ces for re la tive de te rmin ations of the the rmal conduc tivities of gases.
(3) Some meas ure me nts of th e therm al condu c tivities of nitroge n , up to 2.53 X 10 7 Pa of press ure, help to provide a guid e for e valu a tin g th e acc uracy of othe r dete rmin ati ons of th e th erm al co ndu ctiviti es of d ense gases.
Experimental Procedure
Meas ure me nts were made on th e equipm e nt and by the procedures described in pre vious publi cation s *T hi s work was pe rfo ,"me d a t the Massac h usell s Ins ti tu te of T ec h nology and s ponso red by project SQ UID, whic h was support ed by the Office of Na va l Resea rc h, De pa rt me nt of t he Navy. unde r Cont ract No nr 1858(25) NR-098 -038. Re produc tion in full or in pa ri is per mitt ed for use of the Un it ed S ta tes Cove rnm e nt. [1 , 2] .1 Bri efl y, the " therm al condu c ti vit y ce ll " was a co nce ntric cylin der type, used with its axis vertical. It was made of s il ver, a nd co nsiste d of a n "emitter ," "guard," " rece ive r," a nd " receiv e r exte nsion." Th e e mitter was a cy linde r a bout 2. 2 c m in di a met er a nd 11.4 c m long. It was s urround ed b y th e receiver exce pt a t its u pper e nd , and was held in place b y s pacin g pin s so th a t a uniform "condu c ti vity gap" of 0.068 c m was a ttain ed. Th e guard a nd receiver exte ns ion co mpri sed a n exte n sion of the e mitter a nd receive r a t the up per end of the cell and exte nded th e cell geo me try adjace nt to th e m.
The power input was de te rmin ed by pote ntio me tri c measure me nts of the e mfs across two vo ltage divide rs, one to evalu ate the pote nti al drop ac ross the heate r and th e othe r to e valu ate th e pote nti al drop across a sta ndard resistor. The te mpe rature difference betwee n the e mitter and the receive r was de te rmin ed from th e measured e mf' s of two C hro mel-P Alum el differe nce couple s, one pair of junc tions near the top and o ne pair about midway of the le ngth of th e e mitte r.
Electrical power was s upplied to the e mitter heat er, usually in s uc h a mounts as to produce diffe re nti al the rmocouple e mf's of 50, 100, and 200 p., V. Howe ver , whe ne ve r the te mperature ri se was so large that turbule nt convection was de tected , the measure me nts were made with less power. For helium , the availa bl e powe r was only s ufficie nt to heat th e e mitte r to a te mp er ature that produced an e mf of 50 p., V on the differe nce the rmocouples.
The obs erved quantities were the ambi e nt te mpe rature , measured by a calibrated platinum resista nce I Figures in brac ke ts indica te the li te ra tu re refe re nces at t he end of thi s pa pe r. thermometer, the pressure measured by a deadweight gage and emfs, as follows: (1) a value of the emf of a voltage divider for a standard resistor, Vstd , (2) a value of the emf of a voltage divider for the emitter heater, Vern, (3) a value of the emf of the upper emitterreceiver Chromel-P Alumel difference couple and (4) a value of the emf of the middle emitter-receiver Chromel-P Alumel difference couple LlVt>.t. The two difference couple readings were averaged to give LlV 6t ' and the "apparent conductivity" observed is then
(1)
The quantity D is a product of calibration constants and the thermal expansion of silver and dE/dt is the thermoelectric power of the thermocouples_ In general for each level of power input, two groups of emf's were measured, each group consisting of three complete sets. The temperature of the bath was adjusted according to the power input so that the average gas temperature in the conductivity gap was constant. The comparison of IjI for Ar at 0 °C at each power level showed no dependence on temperature rise (i.e., no detectable transfer of heat by convection), so that tjJo was obtained by averaging the results. 
Helium
Helium gas, stated to be more than 99.99 percent pure, was used directly from the tank. The measurements of helium were carried out with one-fourth the temperature rises used for Ar, and showed no significant dependence on the size of the temperature gradient. The thermal conductivity of helium was measured in four states: At 2.39 X 10 5 Pa and 0.00 °C, at 1.01 X 101 Pa and 0.00 °C, at 2.39 X 10 5 Pa and 75°C, and at 1.01 X 10 7 Pa and 75°C. The measurements at 2.39 X 10 5 Pa pressure and average gas temperature of 75.00 °C gave clear evidence of progressive contamination of the helium by desorption from the apparatus, and it never became possible to repeat them. Hence there are only three valid values of tjJo. It was expected that the absolute uncertainty in the emitter-receiver difference couples remained the same for all measurements, and was of marginal significance for the usual range. However, the temperature rise possible was only one-fourth that used for Ar and N2 , and so the higher ~.vt>.t value s should have the higher relative accuracy. The averages we re therefore weighted according to the temperature rise. with an estimate of the standard de viation of 0.15 percent.
Nitrogen
Nitrogen gas was introdu ced from the tank directly into the thermal conductivity apparatus. The thermal conductivities of nitrogen gas were determined for 1 X 10 5 and 1.01 = 107 Pa press ure at 9.60 °c, and for 1 X 10 5 , 1.01 X 10 7 and 2.53 X 10 7 Pa press ure at 75°C. The temperature rise of the emitter was large enough to produ ce emf's of the difference thermocouples as large as 200 I.t V (about 5°C) , and some dependen ce on temperature rise was observed at all pressures. The extrapolated values of X were calculated by the method of least squares for the equation
.jJ=.jJo+A ilVKi with the following results: The quantity S is the estimate of the standard deviation from the straight line. The thermal co ndu c tiviti es were dete rmined by calculations, firs t of "appare nt th e rmal co ndu ctiviti es," and the n of " ne t co ndu ctiviti es ." Th e apparent co nductivity is given by eq (1) where
with X the product of th e voltage divide r fa c tors, C 2:3 the cell constant at 23°C and RSld the valu e of the standard resistance. Th e relative thermal ex pansion of silver is
Th e thermoele ctric pow er, dE/dt, is th e calibrated e mf for the Chromel-P Alumel thermocouples in JL V/K, and has bee n re ported pre viously [2] .
The ne t or tru e condu ctivity is K = Kapp -K vac +loK, whe re Kvac acco unts for th e power tran s ferre d in a vac uum and loK co ns ists of 3 relative ly s mall corrections:
(1) [Kapp, to acco unt for the assymetric te mpe rature di stribution of th e e mitter.
(2) -7 X 10-4 KaIJP' to account for th e c han ge of heat fl ow through th e pin s with in c reasin g co ndu ctivity of th e medium in th e co ndu ction ga p.
(3) 0.02556 (Kapp)2, to account for the te mpe rature differe nces arising in th e me tal body of th e cell be tween th e th e rmoco uple juncti ons and th e co ndu c tion gap, for both th e e mitte r and th e receive r.
Th e valu es of th e fac tors and th e ne t co ndu cti viti es are giv e n in tabl e 3 . Th e unce rta int y of th e res ults at the 99 pe rce nt co nfid e nce le vel is estimated to be ± 0.7 perce nt and is de rived as th e roo t o f the s um of the squares of th e estimates of th e 3 cr e rrors of th e followin g: 
Discussion
According to the kinetic theory of gases, the ratio I=K/(YJc v ), should be [3] I = 2.5/P)/j~3) for a monatomic gas. The value of I?)/ fry (3) depends upon the potential function of the particular atom and is only about 3 X 10 -3 greater than unity for helium. For the value of helium reported for 0 °e and 2.39 X 10 5 Pa, adjusted to zero pressure, and for the heat capacity at constant volume of 3/2 R per mol, the value of lis 1= 14.60 X 10 -2 X 0.0040026/(1.86885 X 10 -5 X 8.3143 X 1.5) = 2.5073.
The value of the viscosity was derived from publica· tions by Kestin et al. [5, 6, 7] , and the value of the gas constant was taken from an evaluation of the funda· mental constants [8] . The calculated value of the ratio, where the values of IP) and 1~3) are derived for the same potential parameter given for the viscosity, is 2.5085. Thus the values from experiment and theory are in agreement within 0.05 percent, much less than the experimental uncertainties.
For many gases the increase of the thermal con· ductivity with pressure is principally a function of density. The increase found for helium at 0 °e is aK/ap = 2.41 X 10 -4 in the units of table 3. When the pressure effect is deducted from the thermal con· ductivity value found for helium at 75.00 °e and 1.01 X 10 7 Pa pressure, the value of K for the same temperature and zero pressure is 17.22 X 10 -2 w m -I K -I. Kestin's experimental value for the viscosity of helium at 75.00 °e is 22.07 kg m-I s -1, so that 1= 2.5042, for the derived value of helium, an agreement with the theoretical value of 2.5085 that must be somewhat fortuitous.
The author suggests that most thermal conductivity values for helium are low because of contamination by degassing of the apparatus. Such an effect would diminish with pressure, and might be confused with "temperature jump" effects. The length of the temperature jump is [9] where a is the thermal accommodation coefficient, 0.491 ~ C ~ 0.499, y= cp/c" , and L is the mean free path. When a is taken to be 0.37 [10] , the value of g is about 8 L. At 10 5 Pa pressure and 0 °e, L = 12 X 10- 6 cm, so that the relative effect of the temperature jump on the heat transfer in the M. I. T. cell amounts to 2.8 X 10 -3 • Probably the uncertainty of the theory of the temperature jump should be assumed to be 20 or 25 percent. A correction to the condu ctivity of helium calculated for the effects of temperature jump at 1 atm involves too much uncertainty, hence the choice of 2.39 X 105 Pa, at which pressure the reduction of heat transfer from temperature jump in the cell is calculated to be 1.2 parts per thousand. On the other hand, for both nitrogen and argon the effects of temperature jump at one atmosphere pressure and 0 °e are calculated to be less than 0.5 part per thousand.
A similar calculation of I=K/(YJc v ) for argon gave the value of 2.506 at 0 and 2.500 at 25 °e, when the values of the viscosities were derived from the work of DiPippo and Kestin [7] . The determination of the thermal conductivities of gases at high densities is apt to be erroneously high because of heat transfer by convection. It has been expected that the parallel plate cell, with the conductivity gap horizontal and the emitter plate above the receiver, would be free of the effects of convection. The accurate performance of a thermal conductivity cell in this configuration has been attained by Michels and Sengers [11] . Heat transfer by convection was expected for our coaxial cylinder cell. The measurements were made as a function of temperature rise so that the resulting data could be extrapolated to zero temperature rise; the effects of convection, so long as it was entirely laminar, could thereby be eliminated. Heat transfer by laminar convection in a vertical coaxial cylinder cell will not significantly involve the emitter if the conductivity gap is sufficiently extended in each direction by long guards. Such equipment has been used by Ziebland [12] , and Johannin, Le Neindre and other workers at the Laboratoire des Hautes Pressions of the eNRS at Bellevue, France [13, 14] . A large fraction of thermal conductivity measurements at high density, however, have been reported for equipment for which neither adequate experimental precautions nor appropriate treatment of data were used.
At low densities, the thermal conductivity of nitrogen has been accurately measured also by Nuttall and Ginnings [15] , and Michels and Botzen [16] . Within the stated experimental errors, their values and the low density values reported in this paper are in agreement.
The additional thermal conductivity of nitrogen due to pressure, the "excess thermal conductivity", appears to be a function of density only. The data for figure 1 are given in table 4, which covers measurements from 0 to 700 °e, and pressures up to 1.3 X 10 8 Pa (1284 atm). The data a re obtain e d from va rious papers re porting meas ure me nt s mad e at te mperatures from 0 to 700°C. a nd at pressu res from I X 1O' Iv 1. The values reported for higher densities in [15] and [16] are inconsistent with other data. The satis· factory correlation of the Keyes and Vines data tends to subs tantiate that the work and treatment of data may have been satisfactory, but adequate information is lacking in the paper itself.
Good measurements of the thermal conductivity of argon were made by Michels et al [18] . Th e values at 0 and 25°C for a pressure of 1 X 10 5 Pa atmosphere are 1.633 X 10-2 w m-I K-I and 1.758 X 10-2 w m-I K -t, differing from the results in this paper by -1.1 percent and -0.4 percent, res pectively. Th e increase of thermal cond uc tivity at 0, 25 , 50, and 75°C for pressure increases up to 2.46 X lOB Pa (2424 atm) can be satisfactorily correlated as a function of de nsity only.
Conclusions
Wh e n careful work is combined with well·d esigne d equipm e nt, th e th ermal co ndu ctivities of gases can be determi ned with an uncertainty of less than 1 pe rce nt even at high press ures . For th e noble gases, th e th ermal conductivities meas ured for H e and Ar at low de nsity are entirely co ns iste nt with th e predi ctions of the kine ti c th eo ry , and similar agree me nt can be expected for Ne, Kr, and Xe. Th e in c rease of th e th ermal conductivity as th e gas de ns ity inc reas es is found to be a fun c tion of de nsity on ly for nitro ge n in th e ran ge of 0-700 °C and up to 1.301 X lOB Pa (1284 atm) press ure. Note added in proof:
A trade nam e is used in this manusc ript. In no case does such identification imply recommendation or endorsement by the National Bureau of Standards.
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